Abstract. The purpose of this study was to investigate the in vivo vascularization and bone formation activity of tissue-engineered bone constructed using bone marrow mesenchymal stem cells (MSCs) transfected with vascular endothelial growth factor (VEGF). The expression of VEGF165 in rat bone marrow MSCs was confirmed using RT-PCR and immunohistochemistry. The MSCs were cultured together with nano-hydroxyapatite/collagen (NHAC) to form tissue-engineered bone. Untransfected MSCs were used as controls. The mice were sacrificed, and the bone xenografts were analyzed using immunohistochemistry and quantified for the degree of vascularization and new bone formation. Based on our results, expression of the VEGF165 gene was detected using RT-PCR and immunohistochemistry following transfection and 4 weeks of selection. The co-cultured NHACand VEGF-transfected MSCs had significantly higher alkaline phosphatase (AP) activity compared to the controls (P<0.05). In the mice that received the tissue-engineered bone xenografts, clumps of cartilage cells, irregular bone-like tissue and microvessels were observed. The growth of these structures progressed with time. In the control mice, however, only small amounts of bone-like and fibrotic tissue were observed. The differences between the control and experimental groups were statistically significant (P<0.05). In conclusion, VEGF165-transfected bone marrow MSCs promotes vascularization of tissue-engineered bone and ectopic osteogenesis.
Introduction
Bone damage, osteonecrosis, and other types of bone loss are common problems faced by orthopedic specialists. Currently, application of tissue engineering techniques to repair bone loss is a therapeutic development trend (1) . Vascularization of tissueengineered bone has become a primary focus of research in this area. In the process of bone rebuilding, an intact vessel network should be constructed to support correct signaling between cells and the extracellular matrix, provide an appropriate environment for bone growth and eventually lead to the formation of functional tissue-engineered bone (2) . The currently used tissue-engineered bone, which is composed of frame material, seed cells, and regulating factors, is markedly limited by the lack of vessel networks and appropriate nutrients in the xenograft (3) . In vitro-cultured bone complexes of cells and frame material obtain nutrients and oxygen primarily through infiltration and diffusion. Following transplantation of the cultured bone complex, small vessels from peripheral tissue gradually grow into the small bone complex and connect it with the peripheral tissue to supply nutrients. However, the cells far from the small vessels originating in the surrounding tissue are unable to survive due to the lack of nutrients and oxygen (4) . In addition, if the transplanted areas suffer from malcirculation, it may take a longer period of time for the xenograft to vascularize, leading to impaired cell proliferation, differentiation and even cell death. Subsequently, defects in vascularization may lead to failure of the transplanted bone. Therefore, the blood supply should be established as early as possible. Promoting vascularization may also facilitate greater access by bone-stimulating cytokines to enhance the rapid growth of the bone xenograft (5) .
Vascular endothelial growth factor (VEGF) is a specific growth factor that promotes the proliferation and chemotaxis of endothelial cells. It has been shown to regulate osteoge nesis, bone development and regeneration (6, 7) . In recent years VEGF has increasingly been used to prevent or treat ischemic diseases (8) . It has been hypothesized that if VEGF were applied in tissue-engineered bone, the vascularization of the bone xenograft may be improved. Exogenously-applied VEGF usually has a short half-life and is rapidly diluted and metabolized when used locally. The requirement for high dosages and a high frequency of doses is not cost-effective. We utilized transfection to express VEGF protein in seed cells and bone complexes constructed with these cells, facilitating local secretion of the VEGF protein and promotion of vascularization of the bone xenograft, to determine an alternative method of enhancing the vascularization of tissue-engineered bone. 
VEGF expression in mesenchymal stem cells promotes bone formation of tissue-engineered bones Materials and methods

Reagents
Isolation, culture and identification of rat bone marrow mesenchymal stem cells (MSCs).
Healthy SD rats were sacrificed by cervical dislocation, and the tibia and femur were excised under sterile conditions. The bones were submerged in 75% ethanol for 3-5 min, and the bone marrow cells were flushed out with DMEM medium supplemented with 15% FBS. The cells were mixed 1:1 with Percoll lymphocytes isolation solution, centrifuged to isolate the write ring and washed twice. The cells were resuspended at 1x10 6 /ml in DMEM with 15% FBS, and incubated in 50 ml flask at 37˚C and 5% CO 2 . The cells were labeled as F0. The culture medium was changed every 72 h. The cells were observed once per day and passaged on reaching 90% confluence. The F2 cells were trypsinized, incubated with monoclonal antibodies anti-CD45-FITC and CD90-FITC at room temperature for 25 min, and washed with PBS. The positive rate for the surface markers CD45 and CD90 was detected using fluorescence activated cell sorting (FACS).
Transfection of VEGF into MSCs. Following passage 2, MSCs were seeded in 6-well plates and after reaching 50-80% confluence the cells were transfected with 1 µg of pcDNA3.1-VEGF165 or pcDNA3.1 empty vector in serum-free medium using lipofectamine according to the manufacturer's protocol. The medium was changed after 6 h and the cells were further cultured for 48 h prior to the addition of G418. After 10-12 days, the cell colonies were visible and selected at random. The cell clones were cultured in bone conditional medium (DMEM with 15% FBS, 10 mM glycerol 2-phosphate disodium, 50 mg/l vitamin C and 10 nM dexamethasone) to expand the cells. After further culturing for 4 weeks, the cells transfected with pcDNA3.1-VEGF165 and pcDNA3.1, or untransfected cells were tested for VEGF expression using RT-PCR and immunostaining (rabbit anti human VEGF immunohistochemistry kit). The PCR primers used were: P1: 5'-GAATTCTCGGGCCTCCGAAACCATGAAC-3', and P2: 5'-AAGCTTTCACCGCCTCGGCTTGTCACAT-3'.
Co-culture of MSCs and NHAC. The decontaminated NHAC was divided into 2 groups: the experimental culture with F2 (secondary passage cells) VEGF-expressing MSCs, and the control culture with untransfected MSCs. At 1 day prior to co-culture, NHAC was incubated in DMEM for 8 h and airdried in the hood. The cells were resuspended at 1x10 6 /m1 and added to NHAC dropwise to allow the cells to penetrate the NHAC completely. The complexes were incubated at 37˚C and 5% CO 2 in a humidified incubator. After 8 h, the medium was added. At 3 and 6 day-incubation, the bone complexes were examined using a scanning electron microscope and used in mouse xenograft experiments.
Identification of the MSCs-NHAC complexes. The MSC-NHAC complex was identified by measuring OCN secretion and AP activity according to the manufacturers' protocols. Briefly, the culture medium was collected and lyophilized 6 days after culture. The media from the experimental and control groups were resolubilized. Together with the OCN standards, the samples of resuspended media were incubated with an anti-OCN antibody and 125 I followed by scintillation counting. The amount of OCN in the medium was calculated according to the OCN standards.
To measure the activity of AP, the complexes from the 2 groups were digested using 2.5 g/l trypsin, and the dissociated cells were washed out with PBS, centrifuged at 150 rcf at 4˚C, and washed with PBS 3 times. After the last wash, the cells were resuspended in 200 µl of PBS, lysed by 3 freezethaw cycles, and analyzed for AP activity using the kit.
Transplantation of the bone grafts. Healthy nude mice were randomly divided into control and experimental groups (n=8). The mice were anesthetized with 0.5% ketamine hydrochloride and ethoxyethane. The skin was then cut open along the middle back line. Sections of MSC-NHAC complexes cultured for 3 days with VEGF-expressing MSCs (i.e., VEGF-expressing bone grafts) were bilaterally transplanted under the skin of nude mice in the experimental group. The nude mice in the control group were bilaterally transplanted with MSC-NHAC complexes cultured for 3 days with untransfected MSCs (i.e., control bone grafts). Following, surgery, the mice were maintained in sterile conditions in separate cages. At 4 and 8 weeks postoperatively, 4 mice in each group were anesthetized and sacrificed, and the bone xenografts were excised. A total of 8 samples (4 nude mice, each sample repeated for 2 times) in each group were paraffin-sectioned, and analyzed using H&E and Masson stainings and microscopy. Four H&E staining slides across the center of the 4 samples for each time point in the 2 groups were analyzed using a XTH-/VTV Microscopic Image Analysis System to analyze the microvessel. After image acquisition, import and export, the individual field was divided into 1024 statistical area units (u) and the area occupied by vessels was calculated to evaluate the vascularization of bone grafts. Map info software (Mapinfo, Troy, NY, USA) was used to measure the surface area of the newly formed bone. Five fields were recorded for each slide and the result was calculated as the ratio of the new bone surface area to the total filled area.
Statistical analysis. Statistical data are expressed as the mean ± SD. Statistical analysis was performed by one-way analysis of variance (ANOVA). Differences were considered statistically significant when P<0.05.
Results
Morphology and characterization of the rat bone marrow
MSCs. The primary MSCs were spherical with good refractivity and exhibited a diffuse distribution in the culture flask immediately after being seeded. After 24 h, a small fraction of the cells started to adhere and exhibited a large square or oval morphology. After 48 h, a greater number of single nucleus cells had adhered, and certain MSCs exhibited a spindle or polygonal morphology. After 5-8 days, the MSCs gradually became isolated colonies with different shapes and variable volumes. After 9-11 days, the MSCs showed marked proliferation, and the colonies began to fuse together (Fig. 1A) . After 14-21 days, the MSCs were split for further culture. The passaged cells primarily exhibited spindle morphology and were evenly distributed (Fig. 1B) . The cells were passaged every 3-4 days thereafter. The expression of CD45 and CD90 in the MSCs was examined by FACS (Fig. 2) . Our results confirmed that the positive rate was 2.14% for CD45 and 99.12% for CD90.
Transfection of MSCs and expression of VEGF.
Isolated rat MSCs were transfected with an hVEGF165 expression vector using lipofectamine. The expression of hVEGF165 was initially examined using RT-PCR. As shown in Fig. 3 , an amplified product of 604 bp was clearly visible on the agarose gel when the cDNA from cells transfected with pcDNA3.1-VEGF165 was used as the template. In contrast, no product was amplified from pcDNA3.1 empty vector-transfected or untransfected MSCs, suggesting that the plasmid pcDNA3.1-VEGF165 were successfully transfected into the rat MSCs, and that the hVEGF mRNA was transcribed. Expression of hVEGF protein was further validated using immunohistochemistry. The results revealed that hVEGF was positively stained in pcDNA3.1-VEGF165-transfected cells; however, no staining was observed in empty vector-transfected or untransfected cells (Fig. 4) .
Construction of the MSCs-NHAC complex.
Following co-culture of the MSCs and NHAC material, the complex was first observed under inverted microscopy. Since the NHAC material was opaque, the cells on the surface of the NHAC particles were difficult to observe by microscopy. Only MSCs attached to the edges of the NHAC particles were observed. After extension of the culture time, the MSCs on the edge and bottom of the NHAC particles increased gradually, although the distribution was uneven, with more cells attached to the bottom of the particles (Fig. 5) .
The MSCs-NHAC complexes were then examined using scanning electronic microscopy. The NHAC particle exhibited a porous 3-dimensional network with numerous ordered and connected holes. A monolayer of cells with varying morphologies and multiple extrusions was present on the surface and in the holes of the NHAC particles (Fig. 6) . Floc-like, wellconnected extracellular matrices were observed on the surface and between the cells in the experimental group [ECM similar to collagen (Fig. 7A) ]. Little or no secreted ECM was evident in the control group (Fig. 7B) . No marked adherent or morphological differences between the cells in the control and the experimental groups.
OCN and AP activity of the MSC-NHAC complex.
We also measured the concentration of OCN and the activity of the AP in the MSC-NHAC complex. The results are shown in Table I .
Histology, vasculaturization, and new bone formation in the xenografts.
The spaces of the unabsorbed and decalcified NHAC were visible in all slides, among which there was new bone tissue growing. At 4 weeks after transplantation, there were large numbers of clumps of cartilage cells. Irregular bone-like tissue was found to penetrate the holes of NHAC along with microvessels, which were interconnected to form vascular anastomosis and complex network. The degree of calcification of the newly-formed bone tissue was relatively low. The vasculature was more abundant in the experimental Figure 5 . MSCs-NHAC complex after co-culture for 3 days (inverted microscopy; magnification, x100). Figure 6 . MSCs-NHAC complex after co-culture for 3 days (scanning electronic microscopy; magnification, x200). group compared to the control group (Fig. 8) . At 8 weeks after transplantation, we observed high levels of mature woven bone and some cartilage-like tissue. Microvessels were also formed. The vessel networks were well-organized, and regularly and evenly distributed. The difference of blood vessel diameters was small although the vessels were arranged relatively loosely. In the control group, there was significantly less bone-like and cartilage-like tissue with few microvessels and fibers (Fig. 9 ).
Vascularization and bone formation. We quantitatively analyzed the vascularization of the complex xenografts, and the results are shown in Table II . The vessel areas in the 4 and 8 weeks bone grafts of the experiment group were significantly higher compared to those of the control group (P<0.05). The vessel areas of 8-week bone grafts in the experimental and control groups were lower compared to those of 4-week bone grafts, indicating that the bone grafts may have demonstrated revascularization. The quantitation of bone formation was also analyzed and is shown in Table III . The new bone formation in the 4-and 8-week bone grafts of the experimental group was significantly higher compared to that in those of the control group (P<0.05), indicating that the VEGF transfection and expression in bone grafts is capable of promoting new bone formation after implantation.
Discussion
There are three basic stages following bone transplantation: vascularization of the transplant, bone regeneration, and fusion of the ends. Of these, vascularization is of particular significance, since its function is required for and directly determines the efficacy of the following two steps. The infiltration of the microvessels conveys the osteoblasts, nutrients, growth factors and other related cells into the microenvironment around the repaired bone. The vessels also remove degraded materials and metabolic byproducts to maintain a favorable metabolic environment for bone regeneration (9) . To repair the damaged bone with tissue-engineered bone also requires vascularization. After in vitro co-culture of the frame material and the seed cells, the tissue-engineered bone was able to be constructed and implanted. Following transplantation, the implant was rapidly vascularized to obtain nutrients, maintain viability, and perform its function to reconstruct the local bone structure. The MSCs are relatively easily obtained from multiple sources and are ideal seed cells for tissue engineering (10, 11) . They also proliferate robustly and are easily transfected with exogenous genes, rendering them suitable for bone growth factor-based gene therapy (12) . Although an MSC may follow multiple differentiation pathways, the differentiation is not a spontaneous process. Cytokines and their environment in vivo may promote a specific differentiation path. VEGF is the specific growth factor that enhances the proliferation and chemotaxis of endothelial cells and is a critical regulator of development and regeneration of bone (13) . A number of studies have reported the application of VEGF in promoting new vasculature formation. Gene therapy using VEGF may promote collateral circulatory development and increase blood volume in an ischemic limb (13) . The serum containing VEGF165 not only promotes the proliferation and differentiation of endothelial progenitor cells (EPCs), but also stimulates EPCs to become involved in vessel formation (14) . The purpose of gene therapy is to introduce specific genes into cells in order that the gene product can be synthesized and/ or secreted (15) . Following transfection with the target gene, the cells may produce the target growth factor, which in turn binds to the receptors on the same cells and peripheral cells. In this manner, the biological effects of the growth factor may be enhanced through auto-and paracrine signaling (16) . In addition, the gene product produced by the cells has undergone post-translational modifications and may possess greater biological activity than the exogenous proteins (17) . In our study, we transfected the hVEGF165 gene into MSCs using a standard liposome-mediated technique and validated the expression and secretion of VEGF by RT-PCR and immunohistochemistry.
After in vitro co-culture of MSCs and the frame material, both the transfected and untransfected cells grew favourably, as examined using inverted microscopy. Under scanning electronic microscopy, we observed that the two groups of cells adhere, grow, proliferate and infiltrate into the holes of the NHAC particles, suggesting that the NHAC material is bio-compatible and harmless to the cells. The cells in the experimental group (transfected with VEGF165) secrete ECM-associated molecules including collagen and calcium crystal, whereas the cells in the control (untransfected) group secrete significantly lower amounts of ECM. Our results underscore the importance of VEGF in bone tissue growth, which has been the subject of numerous previous studies. Midy and Plouet found that the AP and β-cAMP concentration in in vitro-cultured osteoblasts was elevated 4-fold following exogenous VEGF treatment (18) . Mayer et al and Geiger et al also revealed that VEGF improved the activity of osteoblasts and enhanced migration, proliferation and diffe rentiation (19, 20) . In addition, it has been shown that VEGF is involved in antagonizing apoptosis and maintaining survival of osteoblasts (5, 21) . AP activity is a significant biomarker of osteoblasts and is critically involved in metabolism and bone mineralization. The enzymatic activity of AP and the accumulation of ECM provide a suitable pH and calcium/phosphate concentration, which significantly improves the bone-formation activity of MSCs. OCN accounts for 10-20% of total non-collagen proteins in bone and is the specifically secreted product of osteoblasts. Levels of this protein reflect the bone-formation activity of the cells. In our study, after 6 days of culture with the NHAC material, the experimental group cells exhibited significantly higher AP activity and OCN concentration than the control group, indicating that hVEGF165 expression promotes the transition of MSCs to osteoblasts. The model for ectopic osteogenesis possesses the morphological structures and metabolic features of osteogenesis, including bone trabecula and cavum medullare ossium. The model excludes interference by the local environment during the repair of the damaged bone, and more efficiently reflects the bone-formation activity and metabolic processes of the xenograft (22) . Following transplantation of the tissue-engineered bone into the subcutaneous tissue of nude mice, the vascularization and mature bone formation of the experimental group were found to be superior to those of the control group at each time point, using both morphological and quantitative assessments. However, we found that the vessel areas of 8-week bone grafts in the experiment and control groups were lower than those of the 4-week bone grafts. Morphologically, the vessel networks at 8 weeks were well-organized and regularly and evenly distributed. The difference of blood vessel diameters was small although the vessels were arranged relatively loosely. This phenomenon may have been caused by the rebuilding and redistribution of newly formed vessels in the bone grafts.
In conclusion, our results reveal that the tissue-engineered bone constructed using hVEGF165-transfected MSCs and NHAC material demonstrated increased revascularization and bone-formation activity compared to the controls.
